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We report a magnetic neutron and x-ray scattering study of the correlation length and order parameter of the
random-field Ising magnets fgZng sF and Mny 452Ny 59~ on field cooling. Fitting the inverse correlation
length, x, measured above the metastability temperafliggH) in FeysZng sF», atH=5 and 6 T to gpower
law yields the exponent=1.5+0.3 together with the equilibrium transition temperaturBg(H), which are
found to be well belowT,(H). We also estimate=2.6+0.5 andy=5.7+1 for the connected susceptibility,

X, and the disconnected susceptibiligy;s, exponents, respectively. The x-ray data reveal a long range ordered
component coexisting with short range magnetic order in the field-cooled state, for weak random fields
in both samples. The nucleation of the long range order occurs bE|piiH). The intensity of the long
range order component decreases with increasing {i8il63-182697)03401-3

[. INTRODUCTION scattering studies of two diluted antiferromagnets,
Mng 457Ng 55> and F@ sZng sF>.

Despite over two decades of theoretical and experimental The hysteretic effects and other nonequilibrium behaviors
effort, our understanding of both the equilibrium and non-are attributed to the unusual activated random-field dynam-
equilibrium properties of the random-field Ising model ics, proposed by Villaiff and Fishe?® The static random-
(RFIM) remains incomplete. Theoretically, the lower critical field fluctuations dominate the dynamic behavior and result
dimension in equilibrium is now generally accepted to be 2in pathologically slow relaxations. In practice, this makes it
However, there has been only limited progfédsn the ba-  impossible to observe the equilibrium random-field Ising
sic questions of the order of the transition and the values adfransition in three dimensions on finite time scales. Thus the
the critical exponents. Most experimental information haspredictions for the order of the transition and the values of
been obtained from various diluted antiferromagnets in arthe critical exponents, and even the lower critical dimension,
applied field (DAFF).* However, experimental results in remain largely untested experimentally. Note that the ZFC
three dimension$3D) are difficult to interpret due to the state, though possessing long range order, is in fact also a
presence of nonequilibrium effects. These result in, for eximetastable state and that the ZFC transition is a superheated
ample, the large hysteresis between the zero-field-coolingransition that occurs at a temperature higher than the pre-
(ZFC) and the field-coolindFC) experimental protocols. In  sumed equilibrium random-field transition temperature. Be-
zero-field cooling, a diluted antiferromagnet is first cooledcause the ZFC state has been assumed to be close to the
through the zero-field N transition, which is characterized equilibrium long range ordered ground state of the 3D RFIM
by random exchange critical behavior. The resultant longand because the transition at low fields displays apparently
range magnetic ordgLRO) is largely preserved when the sharp and distinctive features in observable quantities, it has
external field is subsequently turned on and gradually diminbeen studied intensively by many experimental methods. The
ishes as the sample is then heated into the paramagnetitterpretation of the ZFC transition behavior has remained
phase, passing through a rounded ZFC transition. Whenontroversial, and is addressed in detail in the companion
cooled in a field, the sample falls out of equilibrium, at paper, Ref. 23.

Tu(H), and develops a metastable short range ordered Experiments in the field-cooled state have largely focused
(SRO domain state without ever achieving long range orderon the scaling of domain size with random-field strefdth
This type of hysteresis has been observed directly by neutroand the time dependent behavt6r>2813The field-cooled

and magnetic x-ray scattering? and indirectly by many transition, which results in a nonequilibrium domain state
techniques including uniform magnetizatibh'* Faraday and is largely featureless, has not been studied as much as
rotation?® linear magnetic birefringend®, and thermal the ZFC transition. However, there exists a well defined
expansiort The disparate behavior of the ZFC and the FCmetastability temperaturd;,,(H), above which no hyster-
protocols has also been observed in Monte Carlesis is observed. As the sample is cooled from the paramag-
simulationst®=?2 In the preceding paper, Ref. 23, which netic state into the domain state, the system is expected to
should be viewed as the companion paper to the presemémain in equilibrium forT>T,,(H) and random-field criti-
study, the ZFC transition was investigated and discussed ioal behavior should be observable within a certain tempera-
detail. In the present paper, we focus on the ordering obture range abov&,,. From the correlation length measured
tained on field cooling, as revealed by x-ray and neutrorby neutron scattering abovEgy,(H), one may extract the
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exponentv of the RFIM, wherex~t~" andt=T/Ty—1 and cantly more scratches than the SRO sample. Several possi-
even extrapolate the equilibrium random-fieldeNeempera-  bilities were suggested to explain how the surface defects
ture Ty(H), assuming the existence of a second order phasgight have nucleated ordering, for example by producing an
transition. This approach has been attempted previously b§symmetric distribution of the random fields in the near sur-
several workers® and the values of several random-field face region. _
critical exponents were estimated, though the metastability In the present work, we have carried out an x-ray scatter-
temperature was not well defined in these studies and in cef?d Study of two different DAFF's FgZng 4, and
tain cases there were signs of contamination from randorlfNo.42No.sg2, in order to address the following questions.
exchange crossover behavior either due to weak randonf'St: IS the FC LRO unique to the LRO sample of
field strength or inappropriate temperature ranges. In th&/!No.762M 292, OF & fegture O,I weakly anisofropic Ising sys-
present work, we pursue such an approach through a doubl £MS, oris it more universal? Second, what are the temper_a-
axis neutron scattering study on the prototypical DAFFLUre anq field dependen;:es of the LRO and SRO that coexist
FeyZngsk in a field and measure the correlation IengthIn the field-cooled state?
aboveT,,(H) but below the zero field . From the data, we
extract the equilibrium correlation length exponentthe
connected susceptibility exponemt the disconnected sus-
ceptibility exponenty, and the equilibrium random-field Both Fek and MnFk, have the rutile-type structure and a
transition temperatur€y(H). We compare these values with uniaxial magnetic anisotropy in the direction. The anisot-
previous experimental results and current theoretical estiropy in Fek originates from crystal fields and is of compa-
mates. rable strength to the exchange interaction. In MntRe an-
The advent of synchrotron magnetic x-ray scattering hassotropy arises from the dipolar interaction and its strength is
brought new excitement to RFIM research. As discussed impproximately 1% of the exchange. As a result of this differ-
the preceding paper, it has proven to be an ideal tool foence, Fgzn,_,F, and MnZn, _,F, have been widely stud-
measuring the order parameter in the ZFC transitfdfi;?®> ied as models of the 3D RFIM with strong and weak
and has also led to unexpected discoveries on field coolingnisotropies, respectively.
In a magnetic x-ray scattering study on a sample of The FgsZnysF and Mny 4Zny 54 crystals used in the
Mng 2N, >4, Hill et al. observed long range ordering in current studies were grown using the Czochralski method.
the field-cooled stat&'?in apparent contradiction with neu- The room temperature lattice constants fog, &, o, are
tron scattering results for which field-cooled long range or-a=b=4.71 A andc=3.24 A, while those for Mg,Zn, s&»
der was not observed. To date, however, this remains thare a=b=4.87 A andc=3.31 A. Both the FgZn,
only evidence of long range magnetic order in a field-cooledsamples used in the neutron and x-ray experiments were cut
DAFF and it is therefore important to investigate further thisfrom the same-boule. Careful attention was paid to the pol-
unexpected phenomenon. As reported in illal, the two  ishing of the x-ray samples. Both the J=&n,sF, and the
Mng 75ZNg 57> Samples studied exhibited different ordering Mng 42y 54, crystals went through a preparation process
behavior. In one sample, labeled the SRO sample, hysteret&milar to that applied to the SRO sample of MegZng >4
behavior similar to that seen by neutron scattering wasvhich had a smooth surface with well-separated scratches.
observed—that is, LRO in the ZFC state and only SRO inThe crystal surfaces were polished on a polishing wheel cov-
the FC state. However, another sample, labeled the LR@red withBuehlerfelt and lubricant, using successively finer
sample and obtained from the same boule as the first samplgrits in each step of the procedure. The final polishing was
displayed LRO in the FC state as well as in the ZFC stateaccomplished with 0.0xm alumina powder oPolytek Su-
Data taken in the FC state of this sample revealed a coexispremefelt. Scanning electron microscopy showed that the
ence of LRO and SRO; the line shape exhibited a resolutiopolishing left some scratches on the sample surfaces, typi-
limited component with diffuse tails. The intensity of LRO cally of approximately 0.Jum in width. The surface quality
was smaller than that of the ZFC state. lAt=6 T, it was is in general very similar to that of the SRO WZng -5
estimated that approximately one-half of the illuminated vol-sample*?
ume achieved long range order on field cooling. The concentration homogeneity of the two samples is re-
Several important results emerged from the x-ray study oflected in the sharpness of the zero-field transition. The tran-
the LRO Mny ;eZng -d» sample?®12 The measurements sug- sition broadening is approximately 0.15 and 0.1 K half width
gested that the observed LRO came from the near surfac half maxima(HWHM) [modeling the x-ray measured or-
region of the sample, which dominates the signal in an x-rayler parameters by a Gaussian-broadened power law3Hg.
experiment but makes a vanishingly small contribution to thecorresponding to a concentration variation Ak<3x103
neutron scattering. The temperature dependence of the F@er the illuminated volume, for the MnsZn, 56 and the
LRO intensity was found to fit to a power law;-t?4, with Fey sZny sF>, samples, respectively. The penetration depth of
Bec~0.3, which is close to the random exchange Ising valuethe x rays is approximately 3.am. The crystallographic
and the long range order was observed to develop at a tenguality of the samples is illustrated by the transverse scan
perature, labeled y(H), below the metastability boundary, profile of the x-ray charge scattering peaks. (®00), the
Tu(H). AtH=6 T, T),— Ty=~1.2 K. The differences in the measured mosaic spread is 0.006° HWHM for both samples.
results from the two x-ray samples were attributed to the The neutron scattering experiments were carried out on
difference in their surface qualities that resulted from differ-spectrometer H7 at the Brookhaven High Flux Beam Reac-
ent polishing processes. The LRO sample went through #or. The data were taken in the energy integrating two-axis
less refined polishing and exhibited a surface with signifi-mode with incident energy of 14.7 meV and collimators of

II. EXPERIMENTAL DETAILS
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FIG. 1. Phase boundary of §:&n, & as measured by SQUID,  FIG. 2. Phase boundary of MpeZngsg, as measured by
open squares, and vibrating sample magnetometry, open circle§.QU|D magnetometry. The open circles and the open squares de-

Generally, a ZFC procedure was used. The solid line is a guide tict peak positions of field and thermal derivatives of the uniform
the eye. magnetization, respectively. The solid lines are guides to the eye.

10'-10'-sample-10. The resulting HWHM resolutions at the tometry through peaks in the temperature or field derivatives
of the uniform magnetization. In general our results agree

(100 Bragg reflection, were 0.0036 reciprocal lattice units™ . ; )
longitudinal, 0.0010 reciprocal lattice units transverse in—W'th those determined from neutron scattering measurements
by Cowley et al® who found that this phase boundary,

plane, and 0.025 reciprocal lattice units vertical. Pyrolitic houdh - ith th d bicritical h

graphite filters were used to remove the higher harmoniéhOug conssﬁentr:/wt the ex?_(lacte b |pr|t|(;:a r?eorrr]]etry, a;s

contamination from the beam. The sample was mounted int- e property that the scan profiles ot tained w en the sample
taken from the spin-flop phase into the Ising phase by

side a superconducting magnet capable of fields up to 6.1 T ) . I
The x-ray experiments were performed on Beamline'OWering the external field exhibit a short range order com-

X20A at the National Synchrotron Light Source. This beam—g%nem'f This \r/]vas ?ISO seen in ourfx—ra;;]_dr;l]ta. ;his bzhavior
line utilized a platinum coated, bent silicon mirror to focus d!ffers from that of M 757ng 9, for which a first-order

the x-ray beam horizontally and vertically to a spot of ap_transition clearly divides the spin-flop phase and the Ising

proximate dimensions 1 mm by 1 mm, at the sample posiphase. Long range order is then achieved when the field is

tion. The mirror also removed the higher harmonic contami-0Wered into the Ising phase.

nation from the beam. For each experiment, the x-ray energy

was chosen to minimize the multiple scattering intensity at IIl. NEUTRON SCATTERING RESULTS

the magnetic peak positidd00. The double-bounce mono-  \ye first report neutron scattering results taken on
chromator and_ the analyzer gtilized single crys_,tals oqu) Zno.sF, atH=5 and 6 T. In Figs. 3 and 4, representative
Ge(111). The in-plane resolutions were approximately yransyerse neutron scattering scans taken at 5 and 6 T, re-
4x10 “ reciprocal lattice unitsHWHM) and 5<107°recip-  gpectively, are shown. All the data were taken above the
rocal lattice units in the longitudinal and transverse d'reCt'o%etastability temperaturel,,(H), at the respective fields.
respectively. The vertical resolution, controlled by colimat- og the temperature is decreased, the scattered intensity in-
ing slits, was~1x10"" reciprocal lattice units. The x-ray reases and the scan profiles become sharper, though they
scattering spectrometer had an inherent energy resolution & ain much broader than the resolution limit. Typically, the

~10 eV. The samples were mounted in an x-ray compatiblg,e,,ron scattering cross section for RFIM systems is taken to
superconducting magnet. The alignment betweencthgis 1

of the samples and the vertical field was better than 3° in
both the x-ray and neutron experiments. S(Q)=Cala) B Ak Bt
Figures 1 and 2 illustrate the phase diagrams of =CoD+t w2t 272t 22
FeysZNgsF, and Mn, ,Zng =4, respectively’® The phase SR EEC UL DA
boundary of FgsZn, sF, was measured by SQUID magne- whereq=Q—(100. The § function represents the long range
tometry and high field vibrating sample magnetometry. Themagnetic order component. The second term corresponds to
transition was identified from peaks in the temperature dethe longitudinal dynamic susceptibility. The Lorentzian-
rivatives and the field derivatives of the measured uniformsquared term arises from static fluctuations due to the
magnetization. The data were taken starting from a zero fielquenched random-field susceptibility. Written in this forn,
state and then following a ZFC procedure, in the case of thés the integrated intensity for these fluctuations. The last term
temperature sweeps, or raising the field at fixed temperatureorresponds to the transverse dynamic susceptibility. From
in the case of the field sweeps. The phase boundary dhe fluctuation dissipation theorem, the structure fa&(@®)
Mng 4ZNy 557> Was similarly determined by SQUID magne- of Eq. (1) may be written as the sum of two terms,

)
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FIG. 3. Transverse neutron scans taken with ey, at FIG. 4. Transverse neutron scans taken with £eyF, at
three temperatures 30.57, 32.34, and 34.27 K afigyat 5 T. The  three temperatures 28.66, 31.05, and 34.12 K aligyat 6 T. The
solid lines are the results of fits to E¢l) convoluted with the solid lines are the results of fits to E¢l) convoluted with the
instrumental resolution function. The dotted, short-dashed, andhstrumental resolution function. The dotted, short-dashed, and
long-dashed lines are the dynamic Lorentzian susceptibility compolong-dashed lines are the dynamic Lorentzian susceptibility compo-
nents of the structure factor for the three respective temperaturesnents of the structure factor for the three respective temperatures.

S(Q)=Tx(Q)+Txqis(Q), where xg5s=2j(go){0o;) and isin equilibrium and exhibits no hysteresis. Note thgt(H)
x=2i[(oq0j)—(00)(0j)] are the so-called disconnected is different from thetrompe I'oeil pseudocritical temperature
and connected susceptibilities, respectively. In a nonrandomf the ZFC transition,T<(H), where the ZFC critical scat-
system, forT>T¢, X(0o){(o;)=0, and S(0)~Tx~t"”.  tering intensity peaks and the ZFC correlation length reaches
However, in random systemg; is no longer zero and a new a finite maximum. BelowT,,(H), random-field dynamics
exponent is definedyqis~t~ ?. In the following, we will ob-  dominate the behavior, as the system becomes trapped in
tain experimental values foy and vy, together with the cor- local free energy minima and unable to relax fully. Between
relation length exponent, where 1k~t~". In Eq. (1), we  Ty(H) and a crossover temperature of ordg(0)=37.6 K,
identify the thermal fluctuations, given by the parametgrs one expects new critical behavior, that of the RFIM. Here the
andB+, with x(Q) and the random-field fluctuation&, with ~ system is in equilibrium and one may measure the critical
Xqis(Q). The DAFF systems studied here possess-axis  properties in the usual fashion.
uniaxial anisotropy and the transverse susceptibility is typi- It was found thaix, xg4s, andy could indeed be described
cally much smaller than the longitudinal susceptibility. Thisby simple power laws, for botki=5.0 and 6.0 T. Fromx,
is particularly true for FgsZn, sF, which has a large anisot- least squares fits yield(5 T)=1.59+0.14 andw(6 T)=1.44
ropy. Further Bt and «; vary only slowly with temperature +0.27 and we conclude that=1.5+0.3. In fact, holdingv
and do not exhibit critical behavidf. The transverse term constant at this value results in satisfactory fits to the data, as
has therefore been neglectedIfQ) in the analysis. For data illustrated by the solid lines in the top panels of Figs. 5 and
taken on field cooling, there is no resolution-limited LRO 6, which represent fits witv=1.5. Note that this value of
component, and these data were therefore analyzed by fittirig significantly larger than 1, in agreement with current theo-
to the sum of the longitudinal Lorentzian and the staticretical estimated>13*The transition temperatur@,(H), of
Lorentzian squared terms Q) convolved with the instru- the power law fits was treated as an adjustable parameter and
mental resolution. The fits from such an analysis result in th@epresents the underlying equilibrium random-field critical
solid lines shown in Figs. 3 and 4. point, which the system is not able to reach, at least in the
From the parameterg, A, and B, one may extract the bulk, due to the slow dynamics. The arrows in Figs. 5 and 6
correlation length é~1/k, the connected susceptibility indicate the positions of y(H), which lie substantially be-
x~B/«?, and the disconnected susceptibiligy~A/x>. As-  low Tyy(H). At H=5.0 TTy,(5 T)—Ty(5 T)~3.4 K, and for
suming that these parameters reflect the approach toward &=6.0 T, T (6 T)—Ty(6 T)~5.8 K. A preliminary analysis
equilibrium second order transition, one can obtain the equifor data at lower fields shows th@f,(H) — Ty(H) increases
librium exponentsy, y, and y provided that one uses data smoothly with increasing field.
taken aboveT,(H). In the current studyT,(H) is defined As the temperature is decreased towdg(H), xqis andx
unambiguously; it is the temperature at which the ZFC longgrow dramatically. We found that meaningful least squares
range order goes to zero. Above this temperature, the systefits could be obtained only by fixingy(H) at the values
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FIG. 5. Inverse correlation length disconnected susceptibility FIG. 6. Inverse correlation lengtk disconnected susceptibility

Xdis» @nd connected susceptibiligyas measured by neutron scatter- , . and connected susceptibilifyas measured by neutron scatter-
ing for Fe sZng s~ at 5 T. The dotted line shows the metastability ing for Fg, zn, o, at 6 T. The dotted line shows the metastability

temperatureTy is the temperature at which the solid line fit fer  temperatureTy, is the temperature at which the solid line fit for
reaches zero. The estimated critical exponents are given. reaches zero.

determined by the power-law fits of the inverse correlation The cross section for magnetic x-ray scattering is essen-
length, «. Following this approach, we estimate=5.7+1  tja|ly the same as Eq(1), with the dynamic susceptibility
and y=2.6+0.5, where the large errors reflect the strong(_orentzian terms set to zero,

dependence of the exponents on the choicd of In the

middle and bottom panels of Figs. 5 and§;s and y are

plotted forH=5 and 6 T, respectively. The solid lines are S(Q)
power law fits withTy fixed at the value determined from

the fits tok, and the exponentg and y fixed at 5.7 and 2.6, Again, C is the intensity of long range magnetic order and is
respectively. We note that these values Joand y are con- proportional to the staggered magnetization squd\;{aé, A
siderably larger than those previously reported, but are coris the integrated intensity of the short range order. The dy-
sistent within the combined experimental and theoretical ernamic susceptibility terms are neglected because the random-

=ﬁ+c5(q). @

rors with most current theoretical predictiofis’* field term (Lorentzian squareddominates the x-ray diffuse
scattering. As was the case for the earlier study of
IV. MAGNETIC X-RAY SCATTERING RESULTS Mng 75ZNg o5 the scan profiles were adequately described

. . . by Eg. (2), convolved with the resolution function. In the

As a result of the small scattering cross section and highyresent x-ray data analysis, the convolution integral was car-
resolution, magnetic x-ray scattering is well suited to thejeq oyt only in the transvers«{ direction. This is because
study of large length scale phenomena, i_ncluding e_special%e diffuse scattering in the longitudinaHj scans was
the LRO order parameter. However, the inherent high resog, ng unexpectedly, to be asymmetric with respect to the
lution is a hindrance in the study of diffuse scattering. There+antral s-function peak. The results are therefore qualita-
fore, the x-ray measurements reported here were performqﬂ,dy' but not necessarily quantitatively correct.
at fields below 3 T, for which the magnetic domains are
relatively large to facilitate a detailed study of both the long
range and short range order. In both,E#n, s, and A FeosZNosts
Mng 452N 5572, We find a coexistence of LRO and SRO un- A detailed study of the temperature dependence of the
der field cooling for relatively low field$é<2.5 T). The cor- LRO and SRO has been carried outtat=1.5 and 1 T on
relation length of the SRO decreases with increasing field, aBe, sZn, sF,. Figure 7 shows transverse and longitudinal
previously observed by neutron and x-ray scattefifigln-  scans aff=15 K andH=1.5 T. The ZFC scans are resolu-
terestingly, the LRO decreases in intensity as the field igion limited in both directions and this is the case for all
increased and becomes unobservable above a threshold fietdmperatures below,, . The peak in the background results
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FeggZngst, H=1.5T X-—Rays
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FIG. 7. Representative ZF@pen circleg FC (closed circleg L L .
and multiple scattering backgrourtdpen squargsscans aH=1.5 27 30Tem erature (K):’B %
T and T=15 K for Feg gZny s> as measured by magnetic x-ray P

scattering. Upper panel: transverse scans. The solid lines are the FIG. 8. Comparison of ZFCopen squarésFC (closed circlek

results of least squares fits to Hg). Lower panel: longitudinal - -
scans. Note that the FC scan is asymmetric due to an offset in irignd FH(open circles parameters of kgZnos at H=15 T as

peaks of the two components. The ZFC scans and the multiplmeasured by X rays. Top panel. inverse correlation lefgttof

scattering scans are all resolution limited. The ZFC data have bee%RO' Middle panel: integrated intensitf( of SRO. Bottom pan-

scaled to match the FC peak intensity for comparison. ;3_: LRO component. The solid lines are the results of least squares
its to Eq.(3).

from multiple scattering processes. The latter are temperature

independent and are subtracted off in the data analysis. THémulates a rounded second order transition even though the

FC transverse scan displays a resolution-limited central peafiminution of the intensity occurs primarily in the super-

together with a broad diffuse peak resulting from short rangdieated temperature region abo¥g(H). The fit yields

magnetic order. Note that the ZFC data have been scaled Bzrc(1.5 T)=0.19£0.03, 07¢c(1.5 T)=0.09+0.03 K, and

a factor of 0.25 to have the same peak intensity as the F&c(1.5 T)=34.95-0.1 K. Upon field cooling, a LRO com-

data, to facilitate comparison. The profile is well describedponent starts to appear at approximately 0.3 K beTgyil.5

by Eq. (2) (solid ling. The FC longitudinal scan similarly T)- This agrees with our observations on MgZng "

suggests two length scales, though the two peaks appear e rise of the FC LRO appears very rounded. Fitting it to

be slightly offset from each other. This unexpected featurd=d. (3) yields Bec(1.5 T)=0.27+0.06, with a largerg(1.5

was also seen in M)‘.lBZno.sfz: but was not observed in T)=065i01 K. The center of the Gaussian distribution is at

previous studies on MyyZn, 4. A temperature cycle of Tcrc(1.5 T)=34.2-0.2 K, approximately 0.8 K below the

ZFC, followed by FC and then field heatiri§H) was per- ZFC T¢ at 1.5 T. The FH LRO intensity, measured subse-

formed atH=1.5 T and the fitted parameters for the LRO quent to a FC protocol, rises above the FC LRO and its

intensity, SRO inverse correlation lengih and SRO inte- temperature dependence is remarkably similar to the ZFC

grated intensityA are summarized in Fig. 8. The bottom LRO at 1.5 T. It reaches zero at exaclly, and is described

panel compares the ZFC, FC, and FH long range order inPy Brn(1.5 T)=0.21%0.03, op4(1.5 T)=0.13+0.03 K, and

tensity. The temperature dependence of the ZFC long rangkc,rc(1.5 T)=34.95-0.1 K when fitted to Eq(3). The FH

order is fitted to a Gaussian-rounded power faw, transition for the long range ordered component thus appears
to be proceed via the same mechanism as the superheated
1 t.—T\2# ZFC transition.
I(T,H)= > f ( ) In the top panel of Fig. 8, the FC and FH inverse corre-

lation lengths k, are plotted. The FG decreases sharply as
% te—To(H)\ 2 the sample is cooled through the metastability transition and
X —(—) }d c 3 gradually saturates at low temperatures. Upon subsequent
ozrc(H) heating, the FH correlation length stays constant up to
The parameteo provides a measure of the random-field in- T¢(1.5 T), defined in Eq(3) for the ZFC transition. This is
duced rounding at the ZFC transition. This is labeledin agreement with  previous neutron scattering
“trompe I'oeil” critical behavior in Ref. 12 sincd (T,H) observations:!! The integrated intensity of the SRO compo-
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FIG. 9. Comparison of ZFC and FC LRQ@ AT in Fey sZng sF> {/. i
as measured by magnetic x-ray scattering. The solid lines are the oq L A .
results of least squares fits to E@®), yielding Bzgc=0.17+0.03 ~0.003 -0.002 —0.001 0  0.001 0.002 0.003
and Brc=0.25+0.04. K (rlu.)

nent is plotted in the middie panel. The intensity behaves uggglg' ;g’g%ﬁ;ﬁﬂi&i' Z‘;‘gwg('i) (zt Zn:till(gf?g;j
quite differently during FC and FH cycles. Summarizing, the g | P

FH state has a larger long range ordered component and '\%no-‘“"zno-%':z' The scans show a sharp decrease in the LRO inten-
o . sity and a broadening of the SRO tails with increasing fields. The
larger domain size relative to that of the FC state.

A simil vsi ied for th d K bottom panel shows the same data on a semilogarithmic plot. The
similar analysis was carried out for the x-ray data taken o plots the FGe vs H2.

atH=1 T. In Fig. 9, we compare the ZFC and FC LRO

measured aH=1 T. As the temperature decreases under 3he ECx to scale withH22:015 put disagrees with those on
FC protocol, the LRO component is seen to appear in R Zno oF (=340 21) and Mry 221 o
rather rounded fashion, at a temperature indistinguishable 02-3 304?5028)6 AIIHof the neutron results wérYe t;ﬁe; at
from that at which the ZFC LRO reaches zero. Fitting the Fclanger .fie_ldé a{nd correspondingly larges

LRO to Eq.(3) yields Brc(1 T)=0.26+0.05, 0r(1 T)=0.37 The temperature dependence of the LRO and SRO was

+0.06 K, and the Gaussian distribution centers at 38.3 )

K; this is to be compared witB,r(1 T)=0.17+0.03 and the measured during ZFC, FC, and FH runsaed and 1.5T.

ZFC To(1 T)=35.6-0.1 K obtained from fitting the ZFC Figure 11 compares the LRO amplitude in the ZFC and the
Cc ' ' C states foH=1 T. The ZFC intensity is again well de-

order parameter to a simple power law or to the rounded, _. . _
power law with a smalb. The FC LRO component is sig- _ I _
nificantly stronger than that ai=1.5 T and dominates the 7)=0.13+0.02 K. The zero-field-cooleTc(1 T)=18.2-0.1

scattered intensity in the FC state, as shown by a comparison
of the ZFC and FC transverse scans at 15 K in the inset, in Mng 45Zngssfy H=1T X-Rays
which the peak intensities of the two scans have been nor- 10| ' ' ' ' ' ' '
malized to agree with one another.

o ZFC
s FC

(=]
o

B. Mng45ZNng 542

Figure 10 shows FC transverse scans taked at, 1.5,
and 2 T attemperatures well belowT-(H) on the
Mng 4ZNg 557> sample. Again, a LRO FC component is ob-
served in the x-ray data. The peak intensity of the scans S
decreases drastically at higher fields. The LRO component &
decreases from 62 counts/sHa&1 T to 7 counts/s ati =1.5
T, and all but disappears &=2 T. Above 2.5 T, the FC
state exhibits no observable long range ordered component,
only SRO diffuse scattering. At the same time, the Lorentz- 0
ian squared diffuse tails broaden, as is more clearly illus- 12 ' 1 ' 16 ' 18 ' 20
trated in the semilogarithmic plot in the bottom panel of Fig. Temperature [K]

10. The FC inverse correlation length, appears to be pro-
portional toH?, as shown in the inset. This is in agreement  FIG. 11. ZFC and FC LRO of MjuZnosd, at H=1 T as
with neutron scattering results on FeZnF, that showed measured by magnetic x-ray scattering.

fo2]
o

Counts/Second @ 200mA]
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hand, resembles that of the ZFC intensity except for its

Mn?‘45zn°‘55F? H=15T X-Roys smaller amplitude. Fitting these data with E@) yields

0.006
0.005 | i Bey=0.200.03 ando=0.12+0.03 K, both comparable to
0004l @ ZFC 1 the ZFC fitted parameters. Further, the FH LRO component

T * K remains observable up to within 0.1 K ®f,(1.5 T), where

= 0003 i the ZFC LRO diminishes to zero.

< 0.002 i
0001p * o% *8° . V. DISCUSSION

: : : : The combined neutron and x-ray scattering data presented
41 T above suggest the existence of an equilibrium random-field
transition atTy(H), which lies below the metastability tem-
peratureTy,(H) and thetrompe I'oeil ZFC transition tem-

<2 peratureT(H). This is implicit in the neutron scattering

= WL | data, where the correlation length, connected and discon-

& R E °O“:wo® nected susceptibilities all demonstrate power law behavior in
0 , , . OM the equilibrium regime abové&,,(H), with a singularity at

§50 i Tn(H). However, as a consequence of the random-field ac-

S 40 7 tivated dynamics, the measured REC deviates from the

® 39 i power law behavior well before the temperature reaches

Tn(H). In the second half of the paper, we reported the
observation of a field-cooled transition to long range order as
T observed by x-ray scattering at a temperature bélgyH).

. . , These latter data were taken at lower fields. It seems natural
9 1 13 15 17 also to identify this temperature withy(H), though we can-

Temperature (K) not make a direct comparison between the neutron and x-ray
_ results due to the differences in applied fields.
FIG. 12. Comparison of ZFQopen squargs FC (closed Besides predicting y(H), the neutron data also yield es-

circles, and FH (open circles parameters of MiuZoss™ at timates for the critical exponents of the RFIM=1.5+0.3,
H=1.5 T as measured by x rays. Top panel: inverse correlatlorly:2_6io_5, and7=5.7i1. Similar approaches have been

length («) of the SRO. Middle panel: integrated intensi%)(of  {aren previously with neutron measurements. For example,
the SRO. Bottom panel: LRO component. The solid lines are thGBeIangeret al. estimated»=1.0+0.15, y=1.75+0.2, and

results of least squares fits to power laws, as described in the text)./—:3_5, from data taken a8 =1.4 and 2 T on F@ezno.4|:2-7

These authors thus suggested that the 3D RFIM exhibited 2D
K. The same fitting function yield8-c(1 T)=0.28+0.04 and  pure Ising critical behavior. We believe the apparent discrep-
a distribution width of oro(1 T)=0.4=0.1 K around ancy between these estimates and our current results is
Tc.rc(1 T)=17.7£0.1 K for the FC LRO intensity. Note also mainly due to the crossover to random exchange criticality at
that the FC LRO develops at approximately 0.4 K belowsmall random fields in the earlier f&n, /&, study. The
Tu(d T)~18.3 K. effective random field strengtht 2 T in Fe, ¢Zn, 4F, is much

As shown in Fig. 10, the FC intensity Bt=1 T is domi-  smaller than that in #=0.5 sample at the same applied field,

nated by the LRO. AH=1.5 T, « is larger, the LRO and due to the smaller dilution of Zff With such weak random
SRO peak amplitudes are comparable and fitting the scans fizlds, one expects random exchange crossover behavior and
two peaks of different length scales therefore yields morehis may explain the smaller value of reported. In fact,
reliable parameters. Figure 12 summarizes the ZFC, FC, andoshizawaet al!! examined the same data ongg2ny 4>

FH parameters dti=1.5T. and concluded they were not sufficient for making state-
The general features af, A, and the LRO are essentially ments about equilibrium critical exponents.
similar to those found in RgZng sF,. The hysteretic effects In an extensive neutron scattering study on

agree qualitatively with those observed by neutronMng,Zn, .4, Cowleyet al. carried out a similar approach
scattering® and earlier magnetic x-ray scattering experi-in order to determine the exponentand the equilibrium
ments on DAFF’s including MgZn, _,F,.2>*2The FHk re-  Neel temperaturé.As these authors emphasized, the values
mains smaller than the Fieup to Ty, (1.5 T), though there is  of v and T(H) varied significantly depending on the tem-
a marked broadening @i-(1.5 T). BeyondTy,(H) the inten-  perature ranges chosen for the fits. Specifically, fits limited to
sity becomes too low for accurate measurements by x rayslata belowTy(0) yielded values of’ that were substantially
The SRO integrated intensity also decreases significantlgbove 1, while including data at higher temperatures in the
during field heating, while it remains roughly constant duringfits brought the value closer to 1. This again presumably
field cooling. The ZFC transition is characterized by reflects random exchange crossover effects. The authors thus
Bzec(1.5 T)=0.19+0.03, 0=0.14+0.03 K, andT(1.5 T concluded thatv=1.4+0.3 and excluded the possibility of
~17.2 K. The FC LRO appears &t=16.8 K, 0.4 K below v=1. In the Mn,;Zn, »4, study, data betweemny,(H) and
Tm(1.5 1), and again rises in a severely rounded fashionT ,-(H) were used in the fits, but this should not have
Fitting it to Eq. (3) yields Br(1.5 T)=0.31£0.04, 0r(1.5 compromised the results significantly. The good agreement
T)=1+0.2 K, andT¢ (1.5 )=16.3+0.2 K, approximately between our results for and those of Cowlegt al. is en-

0.8 K belowT¢ zrc. The FH LRO intensity, on the other couraging.
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We believe the current neutron study, performed on thesome way due to the weak anisotropy of the Mslstem.
random-field Ising magnet §&Zn, s/, with a crystal of good The interpretation of an underlying equilibrium transition is
crystallographic quality, at fields that are amongst the highedurther corroborated by our current neutron results which
used in random-field experiments and restricting the datdend credence to the existence of such a transition b&lgw
analysis to the temperature rang&y(H),Ty(0)], is the  though we have not obtained accurate predictiongfgH)
most logical approach to studying equilibrium random-fieldat the lower fields directly from neutron scattering. Upon
critical behavior. The exponents directly determined fromfield heating, the observed LRO does not retrace the tem-
such fits are comparable to current theoretical predictiongerature dependence of the FC LRO, indicating that the FC
For the susceptibilities, recent accurate series expansion cdlRO is not in equilibrium in the usual sense. As found in
culations by Gofmanet al>® demonstrated two exponent Mng ,Zn, ., the exponenB. is close to the random ex-
scaling for the RFIM and predicteg=2.1+0.2 andy=2yin change Ising value, which perhaps suggests that the behavior
3D. Monte Carlo simulations by Rieget al. yieldedy=2.3  at this presumed equilibrium random-field transition is some-
*+0.3 andy=4.8+0.9 for binary random-field distributions, how controlled by random exchange Ising criticality. At
and y=1.7+0.2 and vy=3.3£0.6 for Gaussian higher fields, the LRO never develops and only SRO is ob-
distributions®®** Our measured values of and y, though  served during FC. One important observation is that both the
slightly larger, generally agree with these predictions toneutron and the x-ray results indicate the trend of increasing
within the combined errors. They are also consistent with{ Ty,(H)—Ty(H)] with increasing applied field, demonstrat-
two-exponent random-field scaling which requires thating that these are effects attributable to the random fields.
vy=2ry. For the correlation length exponent we have the There remains the question regarding the origin of the
predictions ofv=1.6 by Bruce and Wallac¥,»=1.3+0.3 by  field-cooled long range order. Two possible scenarios have
Ogielski and Hus& »=1.4-1.5 by Schwart® and v=1.6  been suggested. The first is that the LRO observed with x
+0.3 andv=1.1+0.2 by Rieger for binary and Gaussian rays in fact coexists with the SRO throughout the bulk of the
random-field distributions, respectively>* Our measured sample. The FC LRO is unexpected largely because it has
v=1.5+£0.3 is clearly in agreement with all of these theoreti-never been seen in a neutron scattering experiment. How-
cal values within the combined errors. Unfortunately, ourever, at the low fields discussed here, the inverse domain size
results do not differentiate between the various theoreticak is generally smaller than the broad neutron resolution and
predictions. extinction effects are strong. To account correctly for extinc-

The x-ray data presented here display the following feation is quite difficult® Further, the LRO intensity can be
tures. First, coexisting long range magnetic order and shodquite small and overshadowed by the strong SRO intensity as
range order are observed during field-cooling and subsequeséen by neutrons. Thus it is not entirely impossible that this
field heating for fields below a certain threshold in bothtwo length scale state was simply not observable in the neu-
Mng 4ZNg s8> and Fg sZny sF,. Second, the intensity of the tron scattering data and analysis. While it seems unlikely that
FC and FH LRO relative to the ZFC LRO amplitude de- this is the case, in particular in light of the sensitivity of the
creases with increasing fields. The destruction of the LRG-C LRO to surface treatment, neutron scattering with high
state following both FH and ZFC protocols for a given field resolution and adequate extinction correction may be neces-
can be described by a rounded power law with the s@me sary to settle this uncertainty.

T, ando. On the other hand, the growth of the FC LRO is A second scenario for the origin of the FC LRO, first
generally described by a highgg. that ranges from 0.25 to proposed by Hilket al,'?is that the LRO results from defects
0.35, and a much larger rounding. Averaging the fiflgdat  in the near surface region of the samples. These defects may
all the available fields in both samples, we estimateplay a role in aiding the formation of LRO by, for example,
Bec=0.3+0.05. Further, as noted above, the FC LRO ap-roviding nucleation centers for large magnetic clusters or
pears at a temperature significantly beldy(H). During  generating an asymmetric distribution of random fields near
field heating, the system generally retains more order thathe surface. This latter suggestion was stimulated by the
the FC state at corresponding temperatures, reflected inwaork of Maritan et al*° who predicted that, in the case of
higher LRO intensity and a longer correlation length. Third,asymmetric random fields, the observed valugshould be

the size of the field-cooled domains decreases with increashat of the pure Ising model, 0.325, or in our case the random
ing fields. Villain predicted that the minimum metastable do-exchange Ising model, 0.35, and not the RFIM. The
main size would scale with field as~H"H with »,=2 at  estimated above is in agreement with this prediction and is
low temperatured’ From x-ray scattering data at fields be- consistently higher thaB,-c and Bg,. An additional obser-
low 3 T, we estimatey;=1.9+0.3 for Mny 4Zng 54 and  vation that may shed some light on the origin of the LRO
ry=1.7%0.4 for Fg sZn, sF»; as noted previously, they are component is the subtly different longitudinal position of the
both consistent with the predictét? behavior. However, the LRO piece from the center of the SRO peak in the longitu-
accuracies of these x-ray estimates are compromised by tltinal scans. Note that the longitudinal direction is perpen-
fact that the data analysis only involved convolution in thedicular to the crystal surface. This may indicate two different
transverse direction. We note that Hali al. also found their  underlying lattice constants for the two different length
FC x-ray data on Mg,Zng.4» to be compatible with scales—a situation that could conceivably occur because of a
vy=2.012 concentration of defects near the surface. However, this

That the appearance of the FC LRO might reflect theshift in the longitudinal peak position was not reported for
equilibrium random-field transition was first suggested byMng,¢Zn, 5. Furthermore, the ZFC longitudinal scans are
Hill et al*? Our result on Fg<Zn, &, rules out the possibil- all resolution limited and do not seem to suffer from two
ity that the presence of the FC LRO in the earlier data is imoffset components.
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VI. SUMMARY Mng 45ZNg 5575 reveal the coexistence of long range order and
tshort range order for weak random-field strengths. The
nucleation of the long range order occurs beldby(H) and
Tc(H). The intensity of the long range order component
decreases with increasing field. The LRO temperature depen-

In summary, we have studied the field-cooled transition o
the 3D RFIM with neutron and x-ray magnetic scattering.
Double-axis neutron scattering measurements gtF® F,
yield »=15*0.3, y=2.6£0.5, and y=5.7+1 for the ; Bt~ 0.3+
random-field correlation length, connected and disconnect ence can be described by a power law 0.3+0.05.

susceptibility exponents, respectively. All of the analysis was he origin of this field-cooled long range order is not under-
°Ep Ly EXp 1S, respectively. X Y stood. To address these questions further, a high resolution
carried out in the equilibrium regime, that is above the meta-

stability temperature and below the zero fieldeNempera- neu_tron spattermg study togeth'er with reliable extinction cor-
ture, where RFIM critical behavior is expected to be ob-reCtlons 's perhaps the most viable approach.
served. The equilibrium random-field transition temperature
is a fitting parameter in the power law fits k0 The Ty(H)
determined in this way is well below,,(H) and T<(H),
both determined from the ZFC transition data at the corre- We would like to thank A. Aharony for valuable discus-
sponding fields. Clearly, in order to determine the criticalsions of this work. The work at MIT was supported by the
exponents more accurately, experiments need to go to high&tational Science Foundation under Grant No. DMR-
fields where the random-field behavior may be observed ove®315715, and in part by the MRSEC Program of the National
a wider accessible temperature range. Alternatively, on&cience Foundation under Award No. DMR-9400334. The
could take detailed measurements on approaching the transirork at Brookhaven National Laboratory was carried out
tion at fixed temperature, by varying the external field. under Contract No. DE-AC02-76CH00016, Division of Ma-
The field-cooled x-ray data from FeZngsF, and terials Science, U.S. Department of Energy.
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